The Hypersonic Tunnel F a c i l i t y (HTF) a t NASA Lewis Research Center's Plum Brook S t a t i o n i s a blowdown, f r e e -j e t , n o n v i t i a t e d p r o p u l s i o n f a c i l i t y capable o f Mach 5, 6, and 7 w i t h t r u e temperature, a l t i t u d e , and a i r composition simul a t i o n . This paper discusses t h e c a p a b i l i t i e s of HTF and summarizes t h e r e s u l t s o f a r e a c t iv a t i o n study t h a t was r e c e n t l y conducted t o determine t h e cost, schedule, and t e c h n i c a l e f f o r t required t o r e s t o r e HTF t o i t s o r i g i n a l desjgn operating c a p a b i l i t i e s .
INTRODUCTION
Over t h e past several years renewed i n t e r e s t has been generated i n hypersonic f l i g h t . This i n t e r e s t has been stimulated p r i m a r i l y by t h e evolvement o f t h e N a t i o n a l Aerospaceplane Program (NASP). experimental data base i s required I n a v a r i e t y o f areas, i n c l u d i n g propulsion, structures, aerodynamics, aerothermal management, and propulsion I n t e g r a t i o n . However, i n t h e propulsion area, there a r e few f a c i l i t i e s c u r r e n t l y a v a i l a b l e i n which t o t e s t f u l l o r large-scale hypersonic p r o p u l s i o n systems and t h e components o f these systems. Many o f the f a c i l i t i e s t h a t e x i s t a r e o l d and have been i n a standby mode f o r a number o f years. i s required. i s a v a i l a b l e f o r hypersonic propulsion t e s t i n g i s t h e Hypersonic Tunnel F a c l li t y (HTF) a t NASA Lewis Research Center's Plum Brook Station. i s unique i n t h a t i t i s t h e l a r g e s t n o n v i t i a t e d hypersonic p r o p u l s i o n f a c i l i t y w i t h demonstrated c a p a b i l i t y . The f a c i l i t y i s capable o f Mach 5, 6, and 7 w i t h t r u e temperature, a l t i t u d e , and a i r composition simulation.
To support NASP a broader
Upgrading o f these f a c i l i t i e s One f a c i l i t y t h a t has been deactivated f o r almost 13 years and This f a c i l i t y Because o f t h e need f o r hypersonic p r o p u l s i o n f a c i l i t i e s f o r NASP and t h e b e l i e f t h a t HTF could p l a y a key r o l e i n t h a t program, a d e t a i l e d study was conducted from March t o June 1986 t o determine t h e cost, time, and t e c h n i c a l e f f o r t r e q u i r e d t o r e a c t i v a t e HTF. This paper w i l l discuss t h e c a p a b i l i t i e s o f HTF, review t h e h i s t o r y o f t h e f a c i l i t y , and summarize t h e r e s u l t s o f t h e r e a c t i v a t i o n study and t h e c u r r e n t f a c i l i t y status. FACILITY DESCRIPTION

General D e s c r i p t i o n
The Hypersonic Tunnel F a c i l i t y (HTF) a t Lewis Research Center's Plum Brook S t a t i o n i s a n o n v i t i a t e d , blowdown, f r e e -j e t f a c i l i t y capable o f t e s t i n g largescale hypersonic engines and models a t Mach numbers o f 5, 6, and 7. The f a c i li t y i s capable of t r u e temperature, a l t i t u d e , and a i r composition simulation. Figure 1 shows an a e r i a l view and f i g u r e 2 shows a schematic view o f t h e f a c i li t y . The h e a r t o f t h e f a c i l i t y i s a gaseous n i t r o g e n (GN2) i n d u c t i o n storage heater t h a t i s designed t o provide maximum heater e x i t f l o w c o n d i t i o n s o f about 130 lb/sec, 1200 psia, and 4500 O R . Downstream o f t h e heater c o l d gaseous oxygen and c o l d gaseous n i t r o g e n a r e i n j e c t e d i n t o t h e h i g h temperature gaseous stream t o provide a simulated a i r composition and t h e c o r r e c t i n l e t stagnation temperature t o the nozzle i n l e t . There a r e interchangeable Mach 5, 6, and 7 nozzles, each having an e x i t diameter o f 42 i n . The i n v i s c i d core diameter o f t h e t h r e e nozzles i s about 2 f t . The t e s t chamber i s 25 f t i n diameter and 20 f t high. The t e s t chamber i s evacuated using a single-stage steam e j e c t o r .
The e j e c t o r evacuates the t e s t chamber t o a 1.3 p s i a pressure l e v e l . f u s e r i s used t o provide a d d i t i o n a l pumping c a p a b i l i t y t o reach 0.07 p s i a (120 000 f t a l t i t u d e ) . The t e s t chamber contains a model i n j e c t i o n system and a t h r u s t mount assembly. The model i n j e c t i o n system i s designed t o handle research packages weighing up t o 16 000 l b . The system p i v o t s on bearings mounted a t t h e top o f the t e s t chamber. The v e r t i c a l c e n t e r l i n e swings 22.5' off-center, moving t h e model c e n t e r l i n e 4 f t . handle an 8500 l b t h r u s t load and can be p i t c h e d from t h e a f t t o achieve an angle o f a t t a c k t o 5'.
The t a b l e can be t r a n s l a t e d a x i a l l y about 2.5 f t t o a l l o w i n s e r t i o n o f a model i n t o t h e rhombus area o f t h e nozzle. The f r e e -j e t l e n g t h o f t h e t e s t chamber can be adjusted by t r a n s l a t i n g t h e d i f f u s e r . maximum l e n g t h i s about 10 f t .
A d i f -
The t h r u s t t a b l e i s designed t o
The R e f e r r i n g t o f i g u r e 1, t h e steam supply system f o r t h e e j e c t o r o r i g i n a t e s approximately 3000 f t away from HTF. The steam consumption f o r t h e HTF e j e c t o r i s 500 lb/sec a t 130 psig. The c o n t r o l room f o r HTF i s about 1500 f t o f f t o t h e l e f t o f f i g u r e 1. Also shown i n f i g u r e 1 i s some o f t h e gas and cryogenic storage. A f i x e d oxygen gas storage o f 500 000 standard f t 3 a t 2400 p s i g i s a v a i l a b l e f o r mixing w i t h h i g h temperature n i t r o g e n t o provide simulated a i r . F i v e gaseous hydrogen tuber s t a t i o n s are a v a i l a b l e f o r engine f u e l w i t h a t o t a l capacity o f 350 000 standard f t 3 a t 2400 psig. A gaseous hydrogen pebble bed r e s i s t a n c e heater i s capable o f heating 2.5 lb/sec from ambient temperature t o 1660 O R f o r 90 sec. For engines using l i q u i d hydrogen as a f u e l a 6000 g a l super insul a t e d , vacuum jacketed high pressure storage dewar i s a v a i l a b l e . A key p a r t o f t h e f a c i l i t y t h a t i s n o t shown i n f i g u r e 1 i s a p o r t a b l e gaseous n i t r o g e n r a i l c a r having a capacity o f 726 000 standard f t 3 a t 5000 psig. This r a i l c a r i s t h e gaseous nitrogen supply f o r t h e i n d u c t i o n storage heater. The r a i l c a r was removed f r o m t h e s i t e about 1980 and i s p r e s e n t l y being used a t t h e NASA National Space Technology Laboratory (NSTL) i n Bay S t . Louis, 
The major modifications were the addition of the horizontal hot train
The
e a t h i n g propulsion f o r hypersonic f l i g h t . formance t e s t s were conducted i n HTF on a f u l l -s c a l e , water-cooled, gaseous hydrogen f u e l e d version o f t h e HRE c a l l e d t h e Aerothermodynamic I n t e g r a t i o n Model ( A I M ) .
The purpose o f t h e t e s t s i n HTF was t o i n t e g r a t e t h e aerothermodynamic components ( i n l e t , combustor, and nozzle) and t o assess t h e engine performance a t Mach numbers o f 5, 6, and 7. For these t e s t s t h e gaseous hydrogen was heated t o 1500 O R p r i o r t o i n j e c t i o n t o simulate a r e g e n e r a t i v e l y cooled system. A photograph o f t h e HRE i n s t a l l e d i n HTF w i t h o u t t h e e x t e r n a l shroudi n g i s shown i n f i g u r e 6. The engine was an a x i s y m e t r i c model w i t h a t r a n sl a t i n g spike. The engine was 18 i n . i n diameter a t t h e cowl and 87 i n . long.
During t h e t e s t s t h e engine was n e a r l y completely enshrouded, 11-in. gap between t h e f a c i l i t y nozzle e x i t and t h e f r o n t o f t h e shroud. The combined model and s t r u t blockage was about 50 percent.
The i n t e r n a l aerodynamic per- HTF was placed i n a standby condition. As w i l l be discussed i n the next section, t h e f a c i l i t y remained i n a standby mode u n t i l a r e a c t i v a t i o n study was i n i t i a t e d i n March 1986.
ment necessary repairs. This heater d e t e r i o r a t i o n problem w i l l be discussed l a t e r . I n s p i t e o f t h i s heater problem, as w e l l as minor f o r e i g n o b j e c t damage caused by eroded carbon duct l i n e r s , t h e HRE t e s t program was considered succ e s s f u l . state-of-the-art i n hypersonic propulsion, valuable experience was acquired i n f r e e -j e t t e s t i n g i n a ground t e s t f a c i l i t y w i t h l a r g e model blockage and combustion. References 2 t o 5 present a d e t a i l e d sumnary o f t h e HRE A I M t e s t r e s u l t s . A t t h e completion o f t h e HRE t e s t program,
This decreased temperature was Besides o b t a i n i n g a l a r g e data base which helped t o advance t h e REACTIVATION STUDY
From t h e early 1970's u n t i l 1985 t h e r e was l i t t l e i n t e r e s t i n hypersonic As a r e s u l t , a number o f hypersonic propulpropulsion o r hypersonic f l i g h t . s i o n f a c i l i t i e s were placed i n standby condition. The key stimulus f o r t h e r e v i v a l i n hypersonic f l i g h t was t h e evolvement o f t h e National Aerospaceplane Program (NASP). Along w i t h t h i s r e v i v a l I s t h e need t o r e a c t i v a t e e x i s t i n g hypersonic f a c i l i t i e s , as w e l l as t o construct new f a c i l i t i e s . Because HTF has remained t h e l a r g e s t n o n v i t i a t e d hypersonic p r o p u l s i o n f a c i l i t y w i t h demons t r a t e d c a p a b i l i t y i n s p i t e o f being i n a c t i v e f o r about 13 years, i n t e r e s t was generated t o consider r e a c t i v a t i o n o f HTF. I t was evident t h a t a f t e r t h e years o f i n a c t i v i t y , a d e t a i l e d study was required t o determine t h e cost, schedule, and t e c h n i c a l e f f o r t required t o r e a c t i v a t e HTF. I n March 1986 a $120 000 4-month r e a c t i v a t i o n study was i n i t i a t e d by t h e Aeropropulsion F a c i l i t i e s and Experiments D i v i s i o n of NASA Lewis' Aeronautics D i r e c t o r a t e . Two key assumpt i o n s were made a t t h e outset o f t h e study. F i r s t , only f a c i l i t y r e l a t e d costs were t o be included. No model r e l a t e d costs were considered. Secondly, t h e study was t o determine t h e minimum c o s t necessary t o r e a c t i v a t e HTF. Wherever possible, r e h a b i l i t a t i o n o r r e p a i r o f f a c i l i t y systems hardware was t o be considered r a t h e r than replacement. The major i n s p e c t i o n items d u r i n g t h e course of t h e study were t h e GN2 i n d u c t i o n storage heater, t h e h o t t r a i n components, t h e steam system, t h e instrumentation, c o n t r o l and data systems, t h e process and e l e c t r i c a l systems, and t h e f a c i l i t y s t r u c t u r e . I n a d d i t i o n , f o u r o t h e r concerns needed t o be addressed. F i r s t , because of t h e p r e v i o u s l y s t a t e d problem w i t h t h e GN2 i n d u c t i o n heater, the need t o assess t h e reasons f o r t h e
heater d e t e r i . o r a t l o n was considered c r i t i c a l . I n order t o r e t u r n HTF t o i t s o r i g i n a l design operating c a p a b i l i t i e s , r e l i a b l e heater operation i s deemed e s s e n t i a l . Secondly, t h e cause f o r the previous HRE model erosion problem needed t o be resolved. Good f l o w q u a l i t y i s necessary f o r p r o p u l s i o n t e s t i n g .
REACTIVATION STUDY FINDINGS AND CONCLUSIONS
The r e a c t i v a t i o n study was completed !n .lune 1986-A 1 1 nf the fac!!!ty systems were found t o be I n good condition. No nshow stoppersn were uncovered.
The study concluded t h a t t h e HTF systems components can be r e p a i r e d o r replaced t o b r i n g t h e f a c i l i t y back t o i t s o r i g i n a l design c a p a b i l i t i e s . I n a d d i t i o n , t h e previous GN2 i n d u c t i o n heater i n t e g r i t y and model erosion problems were studied and s o l u t i o n s proposed. The o v e r a l l c o s t t o r e a c t i v a t e HTF was e s t imated t o be about $4.6 m i l l i o n . The minimum r e a c t i v a t i o n time would be
16 months. This includes 12 months t o r e h a b i l i t a t e the f a c i l i t y systems, two months t o conduct an i n t e g r i t y systems checkout, and two months t o conduct about f o u r h o t blowdowns w i t h c a l i b r a t i o n rakes i n s t a l l e d t o r e e s t a b l i s h t h e b a s e l i n e f l o w q u a l i t y .
The annual operating costs once HTF I s f u l l y r e a c t i v a t e d were also e s t imated d u r i n g t h e study. Two separate estimates were made, one based on 25 runs per year and t h e other based on 100 runs per year. case, t h e estimated c o s t per run would be $77,000.
This includes t h e c o s t o f t h e consumnables (oxygen, nitrogen, f u e l o i l ) , e l e c t r i c a l power t o run t h e I n d u c t i o n heater, and t h e manpower support t o operate t h e f a c i l i t y . 100 runs per year case, t h e c o s t per run would be reduced t o $31 000. ference between t h e two cases i s due t o t h e f a c t t h a t when t h e . f a c i l i t y i s operated on a more frequent basis, the steam accumulators and t h e i n d u c t i o n heater a r e maintained i n a standby status. o f t h e f u e l o i l t o heat t h e steam b o i l e r s and t h e e l e c t r i c a l power f o r t h e I n d u c t i o n heater.
For t h e 25 runs per year
For the
The d i fThis s i g n i f i c a n t l y reduces t h e c o s t S i g n i f i c a n t time was devoted t o the two previous f a c l l i t y problems. Duri n g t h e study the t o p e i g h t g r a p h i t e blocks i n t h e heater were removed. These e i g h t blocks are a t t h e h o t t e s t temperature d u r i n g operation. t h e heater a f t e r disassembly showed t h a t the heater problem was due t o a s e r ious d e t e r i o r a t i o n o f t h e carbon i n s u l a t i n g f e l t ( f i g . 3) t h a t e x i s t e d down t o t h e e i g h t h block l e v e l . F i r s t , leaks e x i s t e d i n t h e water-cooled i n d u c t i o n h e a t i n g c o i l s . When t h e heater was a t elevated temperatures a serious chemical a t t a c k o f t h e water on t h e carbon f e l t r e s u l t e d . F e l t i n t e g r i t y I s c r i t i c a l t o m a i n t a i n i n g heater i n t e g r i t y . The h o t i n s u l a t i n g f e l t was p a r t i c u l a r l y vulnerable because of i t s I n s p e c t i o n o f
The d e t e r l o r a t i o n was a t t r i b u t e d t o two sources. large surface to volume ratio. A second problem source was oxygen contamination in the gaseous nitrogen from the railcar. A review of facility logbooks from the HRE test program showed that only random samplings for oxygen contamination were made and one or two of these samplings indicated higher than desired contamination levels. However, the water leaks and oxygen contamination did not appear to have a deleterious effect on the 15 graphite blocks. Nevertheless; one o f the blocks was cracked and needs to be replaced. A threepart solution to the heater problem was proposed. Graphite felt should be used as an insulator rather than carbon felt. When the graphite felt is manufactured it goes through addittonal heat treatment and is more impervious to any water or oxygen attack. In addition, an alternate cooling media for the induction heater coils should be considered. A Freon-based system could be used instead of a water system. In the event of a leak the Freon would be inert and not attack the felt. Thirdly, constant oxygen monitoring in the heater and in the gaseous nitrogen supply line to the heater is required. Oxygen contamination no greater than 10 parts per million can be tolerated. 
CURRENT FACILITY STATUS
At present, a minimum reactivation effort is underway. Several of the cricital-path actlvities are being addressed. completely disassembled. The graphite blocks will be rehabilitated and replacement graphite felt purchased. restudied to ensure that the proper solutions are selected. nitrogen railcar Is being returned from NSTL, repaired and recertified. The hot train components are being rehabilitated. Final designs are underway for the additional hot train valve and the new cooling system for the induction heater coils. No commitments exist for the balance of the required reactivation funding. However, it is hoped that funding will be made available to allow resumption of operation in HTF in the 1989 
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FIGURE 6. -HRE MODEL INSTALLATION.
